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Abstract
Laminate graphene oxide (GO) membranes exhibit ultra-high water permeability,
and distinctive ionic selectivity with molecular size cut-off at hydration radius of
Rcutoff ∝ 4.5A˚. This combination opens a wide range of possible applications in
separation technologies, but for the water desalination applications we need to in-
crease the ionic rejection rate. The GO flake lamina consist of graphene sheets
with oxygen functional groups, acting as spacers between the graphene sheets, and
increasing the interlayer distance to 0.8− 1.2nm. The aggregated oxygen function-
alities define percolative network of pristine graphene nanochannels, along which
water slips without friction. Ion rejection was considered to be purely the effect of
ionic size-exclusion from the nanochannels.
In this thesis we first propose a new experimental set-up and analyze the experimen-
tal data. This allows us to elucidate different and hitherto unrecognized physical
mechanisms contributing to the membrane’s ionic selectivity. We found that the
charge-selectivity (due to negatively charge oxygen surface groups) contributes as
much as previously proposed size-selectivity. This observation will allow us to ratio-
nally design new membranes with increased ion rejection rate, without compromising
the ultra-high water flux.
To gain further insight, we develop a continuous medium model for ionic flow in
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graphene nanochannels, solve it numerically and compare its predictions to the
experimental data. Surprisingly, the model fits the data very well – even for the
single-nanometer-scaled channels where molecular and steric effects should dominate
– as long as we assume the frictionless water flow along the graphitic surfaces (infinite
slip-length assumption). Finally, we perform ellipsometry measurements, first on
hydrated GO flakes in air, then on the same flakes, dry and protected with graphene
capping layer. We demonstrate the feasibility of this technique for future studies,





Graphene oxide (GO) has recently attracted attention for its exceptional perme-
ability to water [2][12][15][22]. This is an interesting phenomenon from the scientific
point of view, warranting further inverstigation, but it also opens up many in-
dustrial applications such as pervaporation, nanofiltration and water desalination
[13][26][29]. Access to clean, drinkable water is becoming one of the main challenges
around the world, including Singapore, limiting the economic growth prospects.
Water desalination via reverse osmosis (RO) is among the best options to solve that
issue. When considering RO membranes, two parameters are important: the wa-
ter flux and ion rejection. The outstanding permeation of water through graphene
oxide could make GO-derived membrane much more efficient than current state-of-
art polymer membranes. Besides, GO’s comparatively high chemical and thermal
stability would open it up for other industrial applications, inaccessible for current
membranes. Exploring these promising possibilities requires a good understanding
of water and ions behaviour in GO, so we could control ion rejection and build better
1
membranes.
1.2 Origin of GO’s properties
Graphene oxide is a 2D material consisting of one or few layers of graphene sheets
carrying oxigenated functionalities. It is a derivative of the bulk graphite oxide, and
it has first been studied as a cheaper and easier way of producing graphene through
reduction.
Preparation With strong oxidizing agents, epoxyl, carboxyl and hydroxyl groups
are introduced in the graphite structure, increasing the interlayer distance and mak-
ing the material hydrophilic. Using sonication, graphite oxide can be easily dispersed
in water into single or few layer graphene, known as graphene oxide. Vacuum fil-
tration is performed to produce GO membranes about a few micrometers thick.
Figure 1.1: Graphene oxide chemical structure
Structure Oxygenated functionalities tend to cluster on graphene flakes, leaving
pristine (pure graphene) areas among oxidized flakes. The oxidized areas, in which
the oxygenated functions block the capillaries, are believed to be impermeable for




Figure 1.2: (a) Water motion through unoxidized graphene areas (green flakes) and
GO (orange) [2]. (b) Schematic representation of possible water flow in GO. Typical
L/d is ∼1000 [22]
1.3 Properties with ions and water
Figure 1.3: Permeation through GO. (A) Weight loss for a container sealed with a
GO membrane. (B) Permeability of GO paper with respect to water and various
small molecules.
Unimpeded permeation of water Graphene oxide has been proved to have
exceptional affinity with water, while being almost completely impermeable to other
liquids and gases. By measuring the weight loss for a container sealed with a GO film
about 1 micrometer thick, Nair’s group showed that water passage barely differed
from its evaporation through open aperture, whereas other liquids as hexane and
ethanol could not permeate through the membrane (figure 1.3A) [22]. As for gases,
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mass spectrometry and pressure monitoring were used to detect leaks from the
container through the membrane. As no detectable permeation was found, they
could only fixed upper limits for permeabilities (figure 1.3B).
Molecular sieving through graphene-oxide Joshi et al. [15] showed a strong
size effect in ionic permeation through GO. Measuring diffusion through a GO mem-
brane by monitoring liquid levels and comparing it to the hydrated radii of ions,
they found a sharp cutoff at 4.5A˚ (figure 1.4). Beyond that size, the membrane
completely rejects ions. Surprisingly, they noticed that the permeation rates do not
exhibit a dependence of ion charge, as similar values are found for K+, Mg2+ or
AsO 3–4 for example. However, other studies on the selectivity of ion transport have




Ionic permeability of the GO
membranes: the analysis
2.1 Introduction
The permeation coefficient for different dissolved chemical species is an important
parameter that defines a domain of application for the separation membranes. Siev-
ing out the smallest ions, such as Cl– and Na+, is crucial for desalination application
and has to be understood in all the details.
Previous experiments on permeation [15][22][23] relied on set-up as shown on figure
2.1, consisting of two chambers filled with water, separated by a large-area GO or
graphene membrane (≈ 10cm2). The chemical specie of interest is introduced in
the feed chamber, and let diffused through the membrane into permeate chamber.
Increase in concentration of the chemical specie in permeate chamber is measured
as a function of time using solution ionic conductivity or optical absorption, leading
to the indirect calculation of the membrane permeability.
5
Figure 2.1: Typical set-up for diffusion driven permeation, adopted from Joshi et
al.[15]. A chemical specie of interest is introduced first in the feed chamber. The
concentration gradient drives the chemicals from feed chamber, through the mem-
brane, into the permeate chamber. The concentration of the chemicals is monitored
experimentally (optical absorption, solution conductivity, or some other method) in
the permeate chamber as a function of time. This yields the permeability of the
membrane for the given chemical specie.
When measuring permeability of ions using the above method – where the perme-
ate solution consists of both cations and anions – one can measure only coupled
permeability of both ions. Since the solution in both chambers has to respect elec-
troneutrality, the coupled permeability is defined by the permeability of the least
permeable ionic specie in the solution. All the reports in literature measured per-
meability of MClx salts (M is cation of valence X), and assumed that the dominant
sieving mechanism is ionic size exclusion, and that the coupled permeability is de-
fined not by a small Cl– ion, but larger Mx+ counter-ion. In this chapter we will
show that this assumption is wrong. We will report on a new method to measuring




Figure 2.2: (a) Nanopore array and GO membrane. (b) Experimental set-up.
2.2 Experimental setup
A GO membrane of known thickness (typically 5µm), obtained by means of vacuum
filtration, is deposited on a nanopore array (12 x 12 holes of 200 x 200 nm each) which
acts as a support for the thin membrane. This is placed between in (feed) and out
(permeate) chambers, respectively containing ionic salt with molar concentrations
Ci and Co (Ci > Co). The gradient of concentration of both anions and cations
between the two chambers leads to diffusion of ions through the membrane. If the
permeability of both the anions and cations through membrane is the same, the mass
flux of the two will be the same (φ+ = φ−), their opposite charge will compensate
each other, and the total diffusive electrical current Idiff = qφ+ − qφ− = 0 will be
zero (q is absolute charge of anions/cations, φ± is mass flux of each ion). On the
other hand, if the permeability of one of the ionic species is larger then the other
(P+ > P−, for example), then the mass fluxes will be different (φ+ > φ−) and the
7
total ionic current will be finite (Idiff = qφ+ − qφ− > 0), even for zero applied
voltage between the electrodes.
Additionally, when a voltage bias is applied across the membrane, it is electrophoret-
ically driving ions through the membrane. The resulting ionic current I across the
membrane is measured between Ag/AgCl electrodes in each chamber. The current
has two component: the diffusion Idiff component is driven by the concentration gra-
dient between the chambers; the drift component Idrift is driven by the electric field
gradient due to the electrical potential difference applied between the electrodes.
The two components could either add up or compensate each other, depending on
the sign of the voltage bias. Consequently, the current for a zero voltage bias is
finite (we call it the osmotic current) because of the diffusive effect, and the current
becomes null for a certain reversal potential. Since diffusion current is defined by
the ration of the permeabilities (Idiff = f(
P+
P−
)) and the drift component is defined
by the sum of the permeabilities (Idrift = f(P+ + P−)), we should in principle be
able to determine each permeability separately by comparing the two currents. In
the following text we will define more formally the model that allows us to extract
each permeability.
2.3 Experimental results
Current is recorded and plotted as a function of the electric potential applied between
the electrodes and across the membrane. These measurements were performed by
Dr. Seunghyun Hong. As the ionic concentrations in in and out chambers are not
equivalent, the transmembrane potential is shifted from the applied voltage by the
redox potential of the cell: V = Vapplied − Vredox. The Ag/AgCl electrodes used in
8









where γo and γi are the activity coefficients of chloride ions in out and in chambers,
respectively. Since the chloride concentration is z time the molarity in each chamber








The activity coefficients depend only on the valence and concentrations of ions in
solution so Vredox is the same for a family of salts in which cations have the same
valence.
(a) (b) (c)
Figure 2.3: Current-voltage curves for different ionic solutions, measured through a
GO membrane separating two chambers with respective concentrations Co = 0.01M
and Ci = 0.1M . The results are ordered by the cation’s valence: (a)z = 1 (b) z = 2
(c) z = 3.
The IV curves (figure 2.3) give the current across the GO membrane as a function of
the transmembrane potential for each ions. As Vredox and ions behaviours differ with
the valence, results are plotted separately for monovalent (figure 2.3 (a)), bivalent
9
(figure 2.3 (b)) and trivalent (figure 2.3 (c)) ions.
2.4 Analysis
The Goldman-Hodgkin-Katz (GHK) equation is commonly used to describe the
current across a membrane in presence of different species. GHK theory considers
the membrane as a homogeneous material and assumes that (i) the ions do not
interact with each other and that (ii) the electric field in the membrane is constant.
By taking into account the concentration gradient and the electric field according to










• IS is the current carried by ions S (A)
• A is the channel’s cross-section area (m2)
• V is the transmembrane potential (V )
• PS is the permeability of ion S (m/s)
• zS is the valence of ion S
• [S]i is S concentration in the in chamber (mol/m3)
• [S]o is S concentration in the out chamber (mol/m3)
• F is the Faraday constant
• R is the gas constant
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• T is the temperature (K).
The cross-section area A has to be calculated from the membrane and set-up charac-
teristics. In the experiments, the graphene oxide membrane lays on a nanopore array
and a cap limits water’s access to the membrane. The nanopore array consists in
12∗12 holes of 0.2∗0.2µm2 size. Therefore the array open area is Aarray = 5.76µm2.
On the other side of the membrane, the gasket leaves a circular open area with a
diameter D = 0.5mm. By analogy with the calculation of the resistance of a trun-
cated cone ( 1
P
↔ ρ), the effective area is A = √AarrayAgasket = 1.06 ∗ 10−9m2. The
fact that Aarray << Agasket may influence this result but since it is only a scaling
factor, it does not affect the validity of the model.
2.4.1 Monovalent ions
For a solution containing a monovalent cation and chloride, KCl for instance, the
total current is is the sum of the contribution of both ionic species:





























For an ionic composition such as XCl2, [Cl]o,i = 2Co,i. T‘he total current is
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For an ionic composition such as XCl3, [Cl]o,i = 3Co,i. The total current is



































2.5.1 Curves fitting and permeabilities
Using GHK equation and the expressions for the current that we just calculated,
the experimental IV curves of each ions are fitted using the least square method.
The solver approaches the results with P+ and P− as free parameters. We run
the solver on each species and ordered the permeabilities according to the cation’s
hydrated radius. As the membranes exhibit slightly different thicknesses l (from
3.5 to 5 µm) and the permeability is in inverse proportion to the thickness, the
diffusion coefficient defined by D± = P± ∗ l is a better parameter to consider for
intrinsic characterization of the material. The diffusion coefficients of chloride and
cations are plotted in figure 2.5 as a function of the hydrated radii of the cations
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Figure 2.4: Comparative IV transport behaviours as a function of membrane po-
tential for different ionic solutions: markers are experimental data, solid lines corre-
spond to the proposed analytical models. Experimental parameters: Ci = 0.01M ,
Co = 0.1M .
[14] [20].
2.5.2 Curve qualitative analysis
Before any calculation, the shape of the IV curve (concavity or convexity), already
gives qualitative information about the permeability ratio.
Monovalent case
Let us define x ≡ FV
RT





















Figure 2.5: Diffusion coefficients of chloride and the corresponding cations through
a GO membrane.
where α ≡ P−Ci + P+Co and β ≡ P−Co + P+Ci.
In order to study the convexity or concavity of I(x) we calculated its derivatives:
I ′(x) =
α + βe2x + (α + β − (β − α)x)ex
(1− ex)2
I ′′(x) =
(α− β)ex((x− 2)ex + x+ 2)
(1− ex)3
(2.6)
A Taylor expansion for x→ 0 gives
I ′′(x→ 0) ∼ β − α
6
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or, by putting back the first notations:
I ′′(x→ 0) ∼ 1
6
(P− − P+)(Co − Ci)
It is very clear that the permeability ratio r ≡ P+
P−
determines the convexity or
concavity feature of the IV curve. In our case, Co > Ci so I
′′ < 0 ↔ r > 1 and
I ′′ > 0 ↔ r < 1. Therefore the concavity of the curves for potassium chloride
































where α2 ≡ P−Ci + 2P+Co, β ≡ P−Ci − P−Co and γ2 ≡ P−Co + 2P+Ci. After
calculating its derivatives and its Taylor expansion, we find
I ′′(x→ 0) ∼ 2(P− − 4P+)(Co − Ci)











P−(Ci − Coex) + 3P+ (Co − Cie
3x)










1− e3x [α3 + β(e
x + e2x)− γ3e3x].
(2.8)
where α3 ≡ P−Ci + 3P+Co, β ≡ P−Ci − P−Co and γ3 ≡ P−Co + 3P+Ci. After
calculating its derivatives and its Taylor expansion, we find
I ′′(x→ 0) ∼ 1
2
[2β + 3(γ3 − α3)]
or:
I ′′(x→ 0) ∼ 1
2
(P− − 9P+)(Co − Ci)
Simply by noticing the convexity of the IV curves for InCl3 and FeCl3, we can certify
that the membrane’s permeability for chloride is more than 9 times higher than it’s
permeability for I3+ and Fe3+.
2.6 Discussion
Employing the new method for separately measuring permeability of each ionic
specie, we are able to draw several new and consequential conclusions. Inspecting
figure 2.5, we conclude:
a. Size-exclusion effect: For cations, permeability shows an exponential drop
with increasing hydration radius of the ions, until it reaches a sharp cut-off
at the hydration radius Rcuttoff ≈ 4.7A˚. This is markedly different from
previously observed saturated behaviour [15], which was likely dominated by
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the Cl− permeability. The exponential behaviour is expected and could be
explained in terms of hydration shell-squeezing [33]. Considering that the
hydrated radius actually describes shells of coordinated water molecules that
could be distorted to allow the ion permeation through a small pore, the
probability for the ion to be in the pore can indeed be described as a Boltzmann
term e−
F
kT where F is the free energy of ion-water coordinated system.
b. Charge selectivity: The sign of the ionic charge significantly influences the
permeability of an ion. Although they have very similar hydration radius, Cl−
and K+ ions have diffusion coefficients that differ by an order of magnitude.
This charge effect we attribute to the oxygenated groups (hydroxyl, carboxyl
and epoxyl) that give a negative surface charge to GO, repelling anions and
attracting cations inside the capillaries (see the next chapter).
c. Charge inversion: Cl− diffusion coefficient is much higher in multivalent
salts (such as CaCl2), than when part of the monovalent salts (for example
KCl. This charge overcompensation was previously observed for trivalent ions
[8][30]; here we observe it for divalent ions as well. The cations, attracted
by the negative charges of the surface groups, overcompensate the surface
charge and attract anions inside the pore, leading to a chloride permeability
comparable to that of a K+ ion with the same hydration radius.
2.7 Conclusion
In previous experiments on permeation [15][22], the indirect measure of mass trans-
fer by diffusion through the membrane gave the value of a ionic couple permeability:
as both chambers’ solutions respect electroneutrality and no current is passing, each
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cation crosses the membrane along with a chloride ion. Therefore, they actually mea-
sured the permeability of the least permeable ion, which could explain the plateau
of permeabilities for small cations (figure 2.5): since GO has a negative surface
charge, anions have to overcome a much higher energy barrier to enter in a pore, so
it is likely that the chloride permeability through GO is the limiting parameter in
the diffusion process. In order to understand cations behaviour through the mem-
brane, designing an experiment allowing to calculate the permeabilities of cations
and anions simultaneously was necessary.
Results presented on figure 2.5 show a size-exclusion effect (exponential decrease for
the cations diffusion coefficients when the hydrated radius increases), charge selec-
tivity and charge overcompensation for multivalent ions. Identifying significant and
hitherto new mechanism for ion exclusion, charge-selectivity, allows us to use new




Numeric model of ionic
conductance in graphene channels
In this chapter we aim to understand the role of surface charges in graphene nanochan-
nels with a continuous media model. Whether this nanoscale system could be de-
scribed with the continuum model or not is the first question to be answered. Indeed,
for a construction smaller then few nanometers, the continuum model is expected to
break down and molecular dynamics (MD) simulations are instead used to describe
the system [25]. However, previous experiments on ionic flow and DNA translo-
cation through nanopores in free-standing graphene membranes demonstrated that
the continuum model could well describe the experiments for single-nanometre con-
strictions, as long as pore’s geometric parameters are renormalised to include the
molecular steric effect [7]. This might be a particular property of a graphitic sur-
face, with extremely long slip length. MD simulations could be more accurate, but
a successful continuum model could give more insight in the underlying physical
parameters driving the water and ionic flow in graphene channels.
With above considerations, and to test the limits of the continuum model in nanoflu-
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dics, we build the model based on Poisson-Nernst-Planck (PNP) mean-field equa-
tions for ∼ 1nm high graphitic channels between GO layers. We implement a
numerical MATLAB code to solve the equations numerically. The numerical solu-
tions are fitted against measured GO ionic conductance as a function of pH and
ionic molarity (figure 3.1), in equimolar chambers configuration. The original val-
ues, describing the conductance for the entire membrane, have been roughly rescaled
for one channel by estimating the size of pristine areas: using the same approach
as Geim’s group [22], we estimated the number of channels in the membrane at
∼ 8 ∗ 105. We investigate many different configurations and assumption on geom-
etry, charge distribution and water flow properties. By far the best fitting results
are achieved with an assumption of the infinite slip length at the interface between
graphene and water, meaning that there is no friction at that boundary. This is
consistent with the observed ultrafast flow of water that has been observed in GO
[2][15], and within carbon nanotubes [10].
(a) (b)
Figure 3.1: pH-dependency at 0.1M (red dots) and 0.01M (blue dots) (a) and molar-




Our goal is to model the behaviour of water and ions in Graphene Oxide (GO)
membranes. These thin membranes (about 5µm thick) can be seen as a succession
of horizontal channels of very small height (about 1 nm) with holes between them.
Water flows in the horizontal direction before finding a way to go down to the next
level (we estimate that the horizontal path is 1000 longer than the vertical path,
following Nair et al. assumption [22]) (figure 1.2).
In our model, we first consider chemical and electrostatical effects: Behriens-Grier
equation describes chemical reactions, then combining Poisson-Boltzmann equation
and Grahame equation gives the surface charge inside the pore and the potential
field, linking to ions distribution (see for examples refs. [4] and [11]) . Navier-Stokes
equation finally describes water flow and leads to the conductance.
3.1.1 Configuration
A GO channel is modelled as a rectangular channel formed by two sheets of GO
separated by h ∼ 1 nm. The channel is limited by the unoxidized graphene on
top and bottom, and by oxidized regions of graphene on the sides. The Stern layer
takes into account the finite size of the charged surface groups [14]: in that domain,
water is flowing without ions. Monovalent ions are present between the Stern layers
(−(R − δ) < x < R − δ). An electric field E is applied along z axis and the
equations are solved along the x axis. Considering that there is no friction between
the unoxidized graphene and water, the solution found along x is considered constant
along the y direction between the two sheets of graphene: this assumption joins the
theory that water is under the form of an ice bilayer [2].
We observe that the distance between two graphene sheets depends on the pH due to
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Figure 3.2: Configuration: The pore is limited by graphene walls on top and bottom
and by charged GO on the edges (red negative charges). Water flows in the entire
pore with a no-friction condition at the interface with graphene. Ions are present
only in the middle part of the pore since Stern layers are not accessible to them.
electrictatic interlayer repulsion, so the height of the channel h in our model follows
that tendency. Figure 3.3 (a) shows the experimental measures of the interlayer
spacing. To obtain the right height input, we remove from these measures the
graphene sheet thickness which is about 0.3nm (Figure 3.3 (b)).
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(a) (b)
Figure 3.3: Interlayer spacing obtained by AFM (a) and height input in the numeric
model (b).
3.1.2 Potential field
In the domain [−(R − δ); (R − δ)], Boltzmann distribution combined with Poisson
equation gives the Poisson Boltzmann equation:
Boltzmann distribution n± = n0e∓βeΦ
Poisson equation ∇2Φ = − 1
0
∑±en±
 ∇2Φ = en00 sinh(βeΦ)
(3.1)
where β ≡ 1/kT is the thermodynamic factor and  the relative permittivity of
water . As the Stern layer is empty of ions, the potential is linear in that region and
follows
ΦR − ΦD = σδ
0δ
(3.2)
where ΦR = Φ(R), ΦD = Φ(R − δ), σ is the surface charge, δ the Stern length and
δ an effective relative permittivity, taking into account the proximity of graphene
oxide.
In order to calculate the potential, we need to determine the surface charge σ and
23
the boundary potential ΦD.
3.1.3 Surface charge and boundary potential
Chemical equation
The reactions happening on the surface are the protonation of carboxyl (equation
3.3) and hydroxyl (equation 3.4) groups, for which the respective constant reactions
are K and L [4].
GO− +H+ ↔ GOH (3.3)









The concentration of protons at the surface is related to the bulk solution concen-






The total density of activity sites is defined by:
Γ = NGOH+2 +NGOH +NGO
−
and the surface charge is:
σ = e(NGOH+2 −NGO−)
24
Then Γ = N




eΓ(10pL−pHe−βeΦR − 10pH−pKeβeΦR) = σ(1 + 10pH−pKeβeΦR + 10pL−pHe−βeΦR)
leading to the Behriens-Grier equation:
10pL−pH(σ − eΓ)e−2βeΦR + σe−βeΦR + 10pH−pK(σ + eΓ) = 0 (3.5)
Grahame equation
The Grahame equation gives a relationship between the surface charge and the
surface potential in the case of a zero-potential at infinite distance [14]. In our case,
as the two walls are close to each other, we need to calculate an exact formula that
may be approximated later.






















This is the well-know relation between σ and the derivative of the potential on a
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boundary. We are now looking for a relation between σ and the potential. By








(ρ+ + ρ−) = βeρ0 sinh(βeΦ)
dΦ
dx
Using the Poisson-Botlzmann equation (3.1) we replace sinh(βeΦ):
d
dx
















Integrating this equation between R− δ and 0 and incorporating (3.6) gives:







ρ+(R− δ) + ρ−(R− δ)− ρ+(0)− ρ−(0) = βσ
2
20
Using Boltzmann distribution for ρ:
























is the Debye length. This approximation will be verified later
on.
Self-consistent solution
Equations (3.5) and (3.8), coupled with (3.2), give ΦD = f(σ) and σ = g(ΦD). By
plotting these two equations on a (σx,Φ) diagram, the intersection point’s coordi-
nates are (σ,ΦD).
3.1.4 Potential solution




= sinh(Y ) where X ≡ x
λ




(0) = 0 ie Y ′(0) = 0
• Φ(R− δ) = ΦD
The solution is completed in the ions empty domain [R − δ, R] using the linear
relationship ΦR − ΦD = σδ
0δ
.
For high molarities (0.1M and 0.01M) in the pH-dependency study, the approxima-
tion made above that Φ0 = 0 is fully justified (fig 3.4 (a) and (b)). For lower molarity
as 0.001M, fig 3.4c) shows that while Φ0 6= 0, we have Φ0 < ΦR and Φ0  ΦR for
high pH; however in the molarity dependency (pH=5.5), Φ0 is clearly different from
zero. Considering the Graham equation (3.7) in which we neglected Φ0, the relative






Figure 3.4: Electric potential distribution along the width of a channel for a range
of pH: a) for molarity C0 = 0.1M ; b) C0 = 0.01M ; c) C0 = 0.001M . Parameters:
R = 28nm, h = 0.9nm, δ = 1.3nm, L = 0.17mm, pK = 0, pL = 6, Γ = 0.5nm−2.
For the pH-dependency case, the error’s maximum occurs for the lowest pH (3.5)
at molarity 0.001M : in that case ε = 0.005 (figure 3.5 (a), dark blue line), so the
approximation is totally justified. As for the molarity-dependency case at pH=5.5,
 reaches its maximum εmax ∼ 0.12 for the lowest molarity. Since the value remains
reasonable, we consider these results as valid, but we keep in mind the potential
discrepancies of the approximation.
3.1.5 Ionic concentration and velocity distributions






Figure 3.5: a) Potential curves inside the pore for different molarities. The vertical
dashed line represents the limit of the Stern layer. b) Error induced by Grahame
equation approximation. Parameters: pH = 5.5 , R = 28nm, h = 0.9nm, δ =
1.3nm, L = 0.17mm, pK = 0, pL = 6, Γ = 0.5nm−2.
n−(x) = n0eβeΦ(x)
Figure 3.6 highlights the fact that, as the molarity increases, the Debye length
decreases and ions far from the surface are less and less influenced to the surface
charge. As the result, the charge density at high molarity is highly enhanced near
the surface, but drops off quickly to the ”bulk” value towards the centre of the
channel.






= −~∇P + η∇2~u+ n~E (3.9)
where ρ is the volume masse, η the viscosity constant and n~E represents the electro-
osmotic contribution. The pressure term is zero since only electro-osmosis causes the
water flow. We also assume that inertial terms are negligible compared to viscosity
and electrostatic force. This claim will be verified after calculation. Expressing n
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(a) (b) (c)
Figure 3.6: Ions distribution (cations (a) and anions (b)) and total charge distribu-
tion (c) along the width of the channel from the middle of the channel (x = 0) to the
surface of the walls (x = R), plotted for different molarities. The vertical dashed
line represents the limit of the Stern layer: beyond that line, water flows without
ions. Parameters: pH = 5.5 , R = 28nm, h = 0.9nm, δ = 1.3nm, L = 0.17mm,
pK = 0, pL = 6, Γ = 0.5nm−2.




n~E = −Ezen0 sinh(βeΦ)~ez
Then using PB equation : (3.1)
n~E = −0Ez∇2Φ(x)~ez
Inserting this in Navier-Stokes equation 3.9, the velocity is described by
∇2(ηu(x)− 0EzΦ(x)) = 0 (3.10)
In a first approximation, we consider a no-slip condition between water and graphene-
oxide. This question will be further investigated later on in the discussion subsection
30
(3.3.2) and it will be proved that very small slip lengths (LS ∼ 0 − 1nm) give the
best fits. Let us then consider the boundary conditions:
• du
dx
(0) = 0, for symmetry reasons
• u(R) = 0, the no-slip condition








As the velocity profile on figure 3.7 presents the results at a slip length of 1 nm and
not with a no-slip condition, the velocity is positive at the interface water/GO.
(a) (b)
Figure 3.7: Velocity profile a) for different pH values, with C0 = 0.1M ; b) for
different molarities, with pH=5.5. The vertical dashed line represents the limit of
the Stern layer. Parameters: R = 28nm, h = 0.9nm, δ = 1.3nm, L = 0.17mm,
pK = 0, pL = 6, Γ = 0.5nm−2, slip length Ls = 1nm.
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3.1.6 Current and conductance
The current has two components:











where µ+ and µ− are the cations and anions mobilities, respectively;
• an convective part, in which water flow induces a current due to the hetero-





In this case the cambers are equimolar, so there is no gradient of concentration and









3.1.7 Hydrogen ion contribution
As pH is assumed to be around 5.5 in the molarity-dependency study, the contribu-
tion of hydronium ions to the overall ionic current and the potential is not negligible
in the low molarities range. In our measurements, the ionic conductance exhibits a
less steep dependence at low molarities; it can be reproduced by the model only if
we properly include the hydrogen contribution.
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An additional ionic component is added to the molarity: n0 → n0 +10−pH +10pH−14
to take into account the hydrogen and hydroxide concentration in the Debye length
calculation, influencing the surface charge and the potential field. These ions are also
considered in the current evaluation. Figure 3.8 a) shows the absence of plateau of
conductance in the case without hydrogen: the conductance drops almost linearly,
at low molarities, as the ionic concentration decreases. However when consider-
ing hydrogen contribution, a minimum conductance appears at low concentrations
(figure 3.8 (b)).
3.2 Results
The fixed parameters in the model are: water viscosity η = 8.90 ∗ 10−4Pa.s−1, the
relative permittivities of the Stern layer and water δ = 40,  = 80; the mobilities
µ+ = 7.6∗10−6m2/V s, µ− = 7.91∗10−6m2/V s (bulk values) and the channel height
h (figure 3.3). R, L, δ, pK, pL and Γ are the free parameters, which will derived by
optimising our numerical model towards the experimental results.
3.2.1 Validation
The first goal of this numerical model is to find experimental results and explain
them. One of the most important assumptions in that model is the infinite slip-
length condition between water and unoxidized graphene, meaning that the solution
does not depend on the y axis. Reliable data are available for C0 = 10
−4M to
C0 = 1M at pH = 5.5 (molarity dependency) and for pH = 2.7 to pH = 11.3 at
C0 = 0.1M and C0 = 0.01M (pH dependency). The data are best simulated with




Figure 3.8: a) and c) Conductance and surface charge, respectively, without con-
sideration of hydrogen contribution. b) and d) Conductance and surface charge,
respectively, with consideration of hydrogen contribution. The parameters are the
same as fig 3.6.
• R = 28nm
• δ = 1.3nm
• L = 0.17mm
• pK = 0
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• pL = 6
• Γ = 0.5nm−2
• LS = 1nm (see 3.3.2)
Figure 3.9: Validation of the model: Fit for the conductance in molarity dependency
and pH dependency behaviours.
The width of channel R can be interpreted as the size of unoxidized graphene flakes.
It must be noticed that δ is unusually high: as the Stern length is supposed to
account for the finite size of the charges at surface, its range is usually around 1A˚.
The high value of δ, which is necessary to have results in good agreement with
experiments, helps reducing the edge effects by reducing the capacitance. This is
consistent with the idea that the model generally overestimates the edges, but can
partly be explained by the non-linearity of the charged walls in reality; in graphene
oxide, the ”channels” width is greatly inconstant due to the flakes-like disposition
of unoxidized graphene areas and GO areas as we can see on figure 1.2(b) [2]. We
can assume that this non-linearity of the walls enhances the inability for cations to
approach the walls, as a steric repulsion.
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The length of the channel L is difficult to determine from the experiments. It only
acts as a normalisation factor, without affecting the shapes of the curves, and we
chose it as to give a correct absolute value of the conductance. However we can
estimate L from the experimental data: if we consider an isotopic size of flakes, we
can imagine the ions flowing for about 2R before dropping to the sublayer. Then
L ∼ 2R ∗ l
h
where l is the membrane thickness and h the interlayer spacing. With
h = 1.2nm, R = 28nm and l = 3.5µm we can estimate L ∼ 0.16mm which is very
close to the fitted value.
pK and pL values are chosen as to fit the pH-dependency shape, they respectively
correspond to effective constants of reaction for the protonation of carboxyl and
hydroxyl groups. Γ is the linear charge density along the edge of a channel, and its
value corresponds to average separation between the charged groups of 2nm2. This
is a reasonable value, if we keep in mind that the abundant epoxy groups in GO are
charge-neutral and should not be considered in ionic effects, but contribute to the
interlayer separation.
3.2.2 Current analysis
Figure 3.10 (a) explains the plateau of conductance at low molarity. Beyond 10−6M ,
hydrogen ions alone contribute to all the conductance at pH = 5.5. It is interesting
to note that their contribution decreases when molarity increases: that is due to the
decrease of potential’s absolute value – the Debye length is reduced and the interior
of the pore sees less of the surface charge. That leads to a lower amount of hydrogen
in the pore according to Boltzmann law, whereas the cation (K+) amount increases
with the molarity even though the potential is lower.
This figure also supports the claim that in graphene-oxide membranes, the current
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(a) (b) (c)
Figure 3.10: Different contributions to the overall current at low molarity (a) and
high molarity (b), at pH = 5.5. (c) Ions contributions to the current with respect
to the pH at molar concentration C = 0.1M. Parameters: Same as in the previous
simulations.
is mainly carried out by cations (charge effect) for low molarities. While the Debye
length is comparable to the typical size of the pore, the negative surface charge
induces a higher amount of cations. However at high molarities (figure 3.10 (b)
the Debye length is small compared to the channel width, therefore the anions and
cations densities differ only close to the walls (see figure 3.6 (c)) and the difference
is small compared to the molarity. Consequently, positive and negative convections
are almost exactly opposite at high molarities; and as chloride and potassium mo-
bilities are similar, positive and negative conductions are almost equal. The current
vs. pH graph (figure 3.10 (c)) mirrors the velocity dependence on pH (figure 3.7





We have looked at different geometrical configurations to model the nanochannels
in GO. One of the model was a long cylindrical channel, with zero-slip lenght at
the channel walls, which was successful in describing circular nanopores with diam-
eter D > 5nm, perforating free-standing membranes [11]. However, if we assume
cylindrical channels in GO with diameter D = 1.2nm), the Stern length would be
comparable to the radius. In order to adapt the model to such small scales, we had
to study a more precise configuration instead of considering a simple capacitance
effect. Here we show that the cylindrical model is not capable of describing the ex-
perimental data, whereas our original rectangular model with water slippage gives
a good fit.
Figure 3.11 shows the limitations of the cylindrical model. In a small cylindrical
channel, every ion is close to the charged walls of the channel predicting very high
sensitivity of the conductance on pH and molarity. (Note that in the rectangular
model, the surface charge resides only on the side walls). The cylindrical model
predictes the surface charge reaching its maximum value at about pH = 6, and the
conductance vs. molarity curve should have a much stronger slope than observed
by the experiment.
Furthermore, the cylindrical geometry prevents us from distinguishing between the
oxidized and non-oxidized surface of graphene layers: we have to pick a value for
the slip-length at the interface between water and graphene-oxide. With a no-slip
condition, we just model a normal pore without taking into account the extra-fast




Figure 3.11: Predictions from the cylindrical model cannot model well the experi-
mental data. (a) pH-dependency of conductance; (b) corresponding surface charge;
(c) molarity-dependency of conductance; (d) corresponding surface charge. Param-
eters: R = 0.6nm, δ = 0.1nm, L = 0.05mm, pK = 0, pL = 6, Γ = 0.5nm−2
walls would make the model blind on the oxygenated functionalities and leads to
an extra high velocity of water. We conclude that the cylindrical geometry cannot
microscopically describe the observed ionic permeability of the graphene-oxide layers
configuration. Our original model fits the experiments way better – rectangular
channel with an infinite water slip length on top and bottom surfaces representing
the unoxidized graphene; no-slip condition and charges on the edges to model the
carboxyl functions of GO.
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3.3.2 Slip length
Our most successful model assumes, discussed at the beginning of the chapter, that
the interface between water and graphene (top and bottom of the rectangular pore)
has a no-slip condition. As for the interaction between water and graphene oxide,
that is on the edges of the model, the value of slip length has to be investigated.
Its value is about 1 nm in the final model ; this is the result of a study that finally
shows that the most consistent model is found with a small slip length.
Definition If R is the interface coordinate on x axis, where the fluid is confined
in x < R and the solid is where x > R the slip length LS is defined by:





where u is the fluid velocity.
Figure 3.12: Velocity profile with a slip length.
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Velocity calculation Considering a slip length, the velocity solution to the Navier-
Stokes equation 3.10 is not as straightforward as with a no-slip condition. As
u′(0) = Φ′(0) = 0, integrating (3.10) gives
u(x) = αΦ +B
where α ≡ 0Ez
η
and B is a constant. The slip length definition (3.13) gives









As Φ and Φ′(R) do not depend on LS (Φ′(R) is directly related to the surface charge
from Grahame equation (3.7)), the velocity is only shifted by a constant proportional
to Ls for a given molarity and pH, as shown in figure 3.13 (a). However in a pH-
dependency or molarity-dependency study, this shift of velocity depends on the
surface charge and therefore on the pH and the molarity (Figure 3.13(b)).
Effect on conductance Figure 3.14) shows that the conductance greatly depends
on the slip length.
• pH-dependency study. As pH increases, surface charge increases in abso-
lute value. As a consequence, Φ′(R) and the velocity shift to higher values,
proportionally to the slip length, and the conductance increases.
• Molarity-dependency study. The concavity of conductivity vs. molar-
ity curve, observed in figure 3.14 for large slip lengths may seem counter-
intuitive, but it can be explained in terms of velocity. For a high slip length,
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(a) (b)
Figure 3.13: a) Velocity profile for C0 = 0.1M , pH=5.5, with a slip length ranging
from 1 nm to 1 µm. b) Velocity profile for pH=5.5, LS = 1µm, with molarity
ranging from 10−5M to 1M .
the convective component of the current becomes more important than the
conductive part, consequently the conductance mainly depends on the veloc-
ity shape and charge density inside the pore. As the velocity is almost con-
stant along x, the conductance becomes proportional to the surface charge,
G ∼ u ∫ R
0
(n+ − n−) ∼ u|σ|, consistently with the electroneutrality principle.
Simulations show that |σ| and u tend to a saturate at high molarities (figure
3.7, 3.8), explaining the concavity of the conductance curve when convection
takes over conduction – for example at high slip length. However with a no-
slip condition on the surface (LS = 0), conduction plays the main role in
conductance (figure 3.10) and increases almost linearly with the molarity. As
explained in 3.1.7, the concavity of the conductance function is due to surface
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(a) (b)
Figure 3.14: a) Conductance with respect to the pH for C0 = 0.1M (up curves) and
C0 = 0.01M (lower curves), for different values of the slip length on the side-wall
surfaces. b) Conductance with respect to the molarity, for fixed pH=5.5 and varying
slip lengths. Circles represent experimental data.
charge effects and hydrogen contribution at low molarity.
In conclusion, this study shows that the model fits the experimental data best with
the infinite slip length at top and bottom walls (graphene-only surfaces), and slip
length of LS ∼ 0 − 1nm at the side-walls (oxidated, charged surface). Figure 3.13
(a) gives an estimation of the upper limit of the velocity that is around 0.02 cm/s,
in good agreements with the lower limit, 0.01 cm/s, given by Geim’s group [22] and
calculated from their experiments.
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3.3.3 Verification of assumptions
For the calculation of velocity (3.1.5), we claimed that the inertial terms were





is a typically used index for the evaluation of the
predominant terms in Navier-Stokes equation (here the electrostatic force is com-
parable to viscous forces). Our study found that the velocity range of water is
∼ [0 − 280]µm/sec (figure 3.7). With ρ = 103kg.m−3, η = 8.9 ∗ 10−4Pa/s and
R ∼ 30nm, the top limit for Re is around 10−5 : this is small enough by far to
justify our assumption.
3.4 Conclusion
Surprisingly, it is possible to fit this subnanometer pore with a continuum model,
whereas it has been claimed that MD simulations should be used instead up to a
few nanometers. This exception can be explained by the ultra fast flow of water
inside GO : it leads to the zero-friction assumption between graphene and water and
allows us to consider a 1D model instead of 2D. Therefore, the height of the pore,
which should be the limiting parameter for a continuum model (typically h ∼ 1nm)
becomes a simple multiplication factor. Consequently, the typical size of the model
is scaled on the width of the flakes R ∼ 30nm, which is acceptably large for a
continuum model. The success of the fitting with experiments validates not only






Ellipsometry is a non-invasive optical technique for the measurement of dielectric
properties and thickness of thin films. We assume that the water molecules, confined
between GO layers, arrange into ordered ice-like structure. We aim to investigate
if the complex refractive index of GO flakes with varying level of hydration could
show fingerprint of water ordering. Comparing the thickness and optical properties
of GO flakes in presence and absence of interstitial water could allow us in the future
to construct a theoretical model for water interaction with GO.
This ellipsometry has been used previously on GO films as a tool to characterize
their electronic properties [17][21][31] before and after the thermal reduction [16].
The presence of water was also considered as a determining factor in the calculation
of Cauchy parameters. In this work we aimed to perform ellipsometry measurements
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on hydrated GO flakes in water using a fluidic cell, and exposed to humid air. GO is
a very hydrophilic material : when exposed to humid air the water vapour molecules
intercalate the flakes in a very short time [5][16][18]. To obtain control experiments
on dry GO samples, and prevent the water intercalation, we deposited a single-layer
graphene on top of GO flakes, acting as a capping layer [3]. AFM measurements
were also performed before and after deposition of graphene to get the thickness of




Figure 4.1: Schematic representation of ellipsometry principles. The variation of
phase and amplitude of light after interaction with the sample is recorded and
analysed.
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Ellipsometry measures a change in polarized light upon reflection or transmission
on a sample: light of given frequency hits the thin film, reflects between different
interfaces and changes polarization. The polarization change is represented as an
amplitude ratio, ψ ≡ rp
rs
(rp and rs being respectively the reflection coefficients of
p and s polarizations as represented in figure 4.1 (b)), and the phase difference, 4.
The measured response, recorded as a function of the angle incidence and frequency,
depends on optical properties and thickness of individual materials [6].
A model of the ellipsometry responses of our samples is built using the Fresnel
relations. The expected 4 and ψ are calculated based on the substrate, respective
thicknesses of the different layers and their dispersion relations. An indirect measure
of optical and dielectric properties of the material is made by fitting the model to
the measurements.
A spectroscopic imaging ellipsometer (nulling ellipsometer EP4; Accurion GmbH ,
Goettingen, Germany) was used to measure the refractive index, extinction coeffi-
cient, and film thickness of layers of graphene oxide sheets. A 20X microscope was
used at 50◦ of incidence, resulting in a resolution of 1µm. The parameters 4 and ψ
are obtained as mean values of a region of interest (ROI). Firstly, we determine SiO2
layer thickness by fitting the spectra of the background outside the perimeter of the
graphene oxide sheets. This value is then used to fit the GO thickness, refractive
index and extinction coefficient for the ROIs containing GO.
4.3 Samples preparation
Preparation of GO flakes A commercial GO powder was dispersed in water
using sonication, then lighter particles were selected by centrifugation. The resulting
solution was spin-coated on Si/SiO2 substrate, which was previously cleaned by
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Figure 4.2: Picture of ellipsometer. The left arm contains the monochromator and
polarizer, the right arm, ended by the objective, contains the analyzer and detector.
”piranha” solution (heated in a peroxyde and sulfuric acid solution before sonication)
and treated with O2 plasma in order to remove the remaining impurities and make
the substrate completely hydrophilic. We used silicon coated with 300 nanometers
of silicon dioxyde as substrate, as it has been proved to be the most efficient in
terms of graphene visibility [1]. After spin-coating, the GO samples were kept in a
dry cabinet with fixed relative humidity of 30%.
Deposition of capping graphene layer To transfer graphene from a copper foil
over the graphene flakes, we used a derivation of the standard method described by
Liang et al.[19]. PMMA film (polymethil-metacrilate, Aldrich 182265 in Chloroben-
zene (46mg/mL)) was spin-coated on a graphene grown on copper substrate, then
baked at 140◦C for 5 minutes. O2 Plasma etching was performed on the backside
of the Cu substrate before applying a copper etching solution (CE - 100)) for 50
min at 300K in order to remove the copper substrate. The graphene membrane
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Figure 4.3: Schematic representation of a graphene-capped GO sample under inci-
dent light. Graphene prevents ambient humidity from penetrating in the flakes.
supported by PMMA film was rinsed with di-ionized Water (DI water) for 45 min,
then with a HCl solution for 10 min, and finally with DI water again for 10 min.
It was transferred on the Si/SiO2/GO wafer and blown with nitrogen to remove
water below graphene. PMMA was removed with acetone (1h) before rinsing with
new acetone, DCE, ethanol, DI water and finally blow dried again. No heating was
employed in cleaning the transferred graphene layer from PMMA remnants, as it
could have reduced the underlying GO flakes. Depositing a clean layer of graphene
without a cleaning process is a difficult task, and many samples were ruined because
of PMMA traces or cracks on the GO flakes of interest. Fortunately some samples
seemed clean enough to perform the experiments.
4.4 Results
After GO deposition on the sample, the hydrated GO flakes were imaged in ambi-
ent air with an optical microscope. After drying GO, a graphene mono-layer was
deposited on the flakes and the samples were optically imaged again. Figure 4.4
shows a good example of a GO sample observed on microscope before (a) and af-
ter graphene deposition. It is noticeable that the graphene layer is not uniformly
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deposited on the substrate, however the GO flake of interest is exempted of cracks
and PMMA contaminants.
(a) (b)
Figure 4.4: Optical images of (a) single layer GO flake on Si/SiO2 substrate; (b)
same flakes after graphene deposition.
AFM measurements
Figure 4.5 shows AFM measurements on a specific GO flake, performed before and
after the graphene capping. The height profiles show that the thickness of the flake
when hydrated is dhyd = 1.46nm, whereas the thickness of the flake is ddry = 1.19nm
when dried and capped with graphene. These thickness values are consistent with a
GO flake consisting of n = 1−2 layers. Our previous X-ray diffraction measurements
showed interlayer distance is δhyd = 12.1A˚ and δdry = 8.5A˚ in hydrated and dried
state, respectively. It is clear on these pictures that the sample is far from uniform,
especially in the case with the graphene cap: a lot of cracks meet the line and cause
huge relative variations. However, there is no doubt that GO’s thickness decreased
after graphene deposition, as the thinner part of the first layer (figure 4.5 (a)) was
compared to the thickest of the second one (figure 4.5 (b)): The ratio with/without
graphene cap lies between 0.4 and 0.8, in good agreements with the assumption that
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the first one is dry and the other is wet.
(a)
(b)
Figure 4.5: AFM images of a GO flakes before (a) and after (b) graphene deposition.
Only the lower part of the flake remained after graphene deposition procedure. The
thickness is measured on the same location.
Ellipsometry measurements
We analysed many different flakes with range of thicknesses using ellipsometry. First,
each flake has been observed in optical microscope, evaluated for its quality and
uniformity, and its position has been noted in relation of predefined scratch marks
on the substrate (Figure 4.6 (a)). Then, the sample was loaded into ellipsometer,
and the flakes of interest that have been located is placed on the optical spot of
the ellipsometer (Figure 4.6 (b)). For each measurement we defined the Region
of Interest (ROI), a region of the image from which the ellipsometry data will be
collected. Each ROI is defined within the uniform section of a flake, to avoid any
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unintended averaging of the signal from the bare substrate of from varying flake
thickness.
(a) (b)
Figure 4.6: (a) GO flakes observed on microscope. (b) Same flakes on imaging
ellipsometry.
The raw output of ellipsometry measurements consists in two variables, Ψ and 4,
calculated from the variations of phase and amplitude of the light reflected from
a film of interest. As it is not possible to convert these observables directly to
the optical parameters, a model has to be built and fitted to the experiments.
We model the frequency dependence of optical parameters using phenomenological
Cauchy formula typically used to describe GO’s optical properties:

n = An +
Bn
λ2
k = Ak +
Bk
λ2
where n is the refraction index and k the absorption coefficient. Based on previous
investigations, we assume that Bn = 3000 and Bk = 1500 are constant [16][17][24].
An example of fitted experimental data is given in Figure 4.8, with fitting parame-
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ters: δGO(thickness) = 10.0± 0.2nm, An = 2.040± 0.004, and Ak = 0.066± 0.017.
Figure 4.7: Models used to fit GO’s thickness and Cauchy parameters. Graphene’s
properties are taken from Kravets et al. [17]. The effective thickness of graphene
is found to be 0.5nm; the thickness of SiO2 layer on the substrate is 300 ± 10nm,
varying from substrate to substrate.
We measured and analysed many flakes from 7 different samples (Figure 4.9). The
fitted Cauchy parameters appear to be constant, and independent on the thickness
of the flake changes, and their value is in a good agreement with values reported
by Jung et al. for monolayer GO flake [16]. We expect the Cauchy parameters to
remain constant for flakes of different thickness, as they are an inherent property of
the material.
Two samples were covered with graphene after ellipsometry measurement on bare
GO; figure 4.3 shows a schematic representation of the expected sample. The blue
dashed circles on the figure points out the results for the sample that was also
analyzed with AFM (figure 4.5). The ROIs are shown on figure 4.10 before (a) and
after (b) graphene deposition. ROI 1 from the two samples match and give the fits
presented in table 4.1.
SiO2 layer’s thickness was fit to 297.2 nm on the first sample and kept constant for
both measurements. The difference between AFM and ellipsometry measurements
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Figure 4.8: Screenshot of the software fitting the model to the experimental data.
The fitted value are given in the upper left table. The plain curves on the right
represent the model fit and the dots are the results of experiments.
Table 4.1: Fitted values from ellipsometry compared with AFM measurements
Sample δGO measured (nm) δGO fitted (nm) An Ak MSE
ROI1 without graphene 1.16 1.8 1.848 0.091 0.855
ROI1 with graphene 0.9 1.4 1.896 0.01 2.923
for the thickness, which was also noticed by Jung et al. [16], cannot be explained
so far. However both techniques show a decrease in thickness when drying and
capping with graphene with the same ratio
δGOwithgraphene
δGOwographene
= 1.78. This matches
almost precisely measurements previously done with AFM on dry and wet GO
(figure 4.11): the ratio between dry and wet GO, directly measured in dry air and
in water, was 0.9/1.2 = 0.75.
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Figure 4.9: Ellipsometry measurements with Cauchy parameters and thickness as
fitting parameters for GO samples and GO covered with graphene samples.
4.5 Challenges with fluidic-cell ellipsometry and
future work
The original plan was to use ellipsometry in water using a fluidic cell. The advan-
tages, compared to graphene capping, would be the certainty that water is present
and the uniformity and simplicity of the model. However several obstacles still need
to be overcome:
• the resolution of the camera is much lower in water than in air, therefore large
uniform areas of GO layers are needed to perform the measures.
• some GO layers disappeared after using the fluidic cell, probably because of
the flow of water when pushing ot or sucking it out of the cell.
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(a) (b)
Figure 4.10: ROIs on ellipsometry images of a GO flakes before (a) and after (b)
graphene capping.
Figure 4.11: AFM measurements on GO in dry air and in water.
Finding a way to produce larger uniform GO flakes could solve the first issue. To
overcome the second one, we transformed the clean substrate with (3-Aminopropyl)
triethoxysilane (APTES). This makes the surface positively charged and fixes the
negatively charged GO. However with this transformation it is difficult to obtain
good fits with ellipsometry, as APTES probably slightly modifies the optical prop-
erties of the sample on the interface substrate/GO.
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4.6 Conclusion
The values found for Cauchy parameters on GO samples in ambient air are con-
sistent and indicates that the optical parameters are an inherent characterization
of the material, therefore independent of the thickness of the film. Besides, our
experiments on GO flakes before and after the deposition of a graphene cap suggest
that we found a way to study dry GO on ellipsometry, as the change of thickness
matches precisely the variation that is expected from a humid sample to a dry sam-
ple. Further measurements are needed to understand how the Cauchy parameters
are linked to water interaction with GO. We observed a slight increase of An and
decrease of Ak from wet to dry sample (table 4.1). More experiments need to be
done in order to get a coherent pattern that could lead to a theoretical explanation




This thesis focuses on understanding ion and water interaction with graphene nanochan-
nels in graphene-oxide (GO) matrix, from theoretical and experimental perspective.
Firstly, we designed a new experimental approach for separating individual perme-
abilities of dissolved ionic species through GO membrane, and developed theoretical
underpinning for the method. The analysis of experiments led to the calculation
of the GO membrane permeabilities to different ions with a distinction between
cations and anions contribution, whereas previous works could only give the small-
est permeability of an ionic couple. With this method, we identified a new physical
mechanism for ion rejection in the membrane, the charge-selectivity. This effect has
similar contribution as the previously observed size-selectivity, and could be used
for the rational design of GO-derived filtration membranes with enhanced separa-
tion properties. We discovered new aspect of the size-selectivity, an exponential
relation between the hydrated radius of a cation and its permeability. Finally, we
see a charge inversion effect for multivalent ions – the multivalent cations overcom-
pensate the negative surface charge in the graphene nanochannels. This effect has
been previously observed in nanochannels only for triple-valent cations, and here we
58
observe it already for divalent cations. Future works will involve the investigation
of the permeabilities of different ions: big cations’ permeabilities would tell us if
there is a cut-off for the hydrated radius, small multivalent cations would help us
understand the charge inversion and other anions study would let us generalize our
work to non-chloride ionic couples.
Secondly, we build a continuous media model and solved it numerically, in order
to gain insight in water and ions behaviour in a GO membrane. The model not
only allowed us to gain qualitative insight, but was surprisingly successful in the
regime where we expect the continuum model to start breaking down. Even though
the height of a GO channel is less than one nanometer, a zero friction condition
between graphene and water allows to consider a 1D model and to relegate the
height dimension to a multiplication factor. Consequently, the continuum laws are
still valid in the model and we could fit it to experimental results without considering
molecular effects. This success proves the validity of the zero-friction condition and
the possibility of lowering continuum models limits to nanoscale systems. This is the
smallest reported scale at which the continuum model fits the experimental results.
Lastly, the ellipsometry measurements were performed as an additional way to un-
derstand water interaction with GO, through the comparison between the optical
parameters of wet and dry samples. The results show that capping a GO flake with
a graphene monolayer can be a way of studying dry samples, which could lead to a
better understanding of water interaction with GO.
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